The departure point of the present paper is our effort to characterize and understand the spatiotemporal structure of articulatory patterns in speech. To do so, we removed segmental variation as much as possible while retaining the spoken act's stress and prosodic structure. Subjects produced two sentences from the "rainbow passage" using reiterant speech in which normal syllables were replaced by foa/or/ma/. This task was performed at two serf-selected rates, conversational and fast. Infrared LEDs were placed on the jaw and lips and monitored using a modified SELSPOT optical tracking system. As expected, when pauses marking major syntactic boundaries were removed, a high degree of rhythmicity within rate was observed, characterized by well-defined periodicities and small coefficients of variation. When articulatory gestures were examined geometrically on the phase plane, the trajectories revealed a scaling relation between a gcsture's peak velocity and displacement. Further quantitative analysis of articulator movement as a function of stress and speaking rate was indicative of a language-modulated dynamical system with linear stiffness and equilibrium (or rest} position as key control parameters, Preliminary modeling was consonant with this dynamical perspective which, importantly, does not require that time per se be a controlled variable.
INTRODUCTION
It has often been supposed that temporal organization in biological systems is ultimately governed by neural rhythm generators, biological clocks, metronomes, etc. Physiologists and psychologists, confronted with order in the articulatory movement, by asking subjects to speak "reiterantly." That i•., speakers substituted the syllable/bad or /ma/for each real syllable in the utterance, while mimicking the utterance's normal prosodic structure. The benefit of the reiterant technique is that, by minimizing segmental variability while preserving the prosodic pattern (Liberman and Streeter, 1978; Nakatani, 1977) , we are able to measure the movements of articulators (in this case the lips and jaw) that are consistently involved in the production of/ha/and /ma/. In principle, this procedure affords an analysis of articulator patterns in a simple and accessible form.
We recognize that the relationship between real speech and reiterant speech is not always transparent. We should stress, however, that the main thrust of the present work is to use reiterant speech as a tool to examine articulator motions in a speechlike task. We do not claim any necessary generalization to real speech although one might exist (see also Larkey, 1983 ). For instance, Liberman and Streeter (1978) show the pattern of acoustic syllable durations to be similar between real and skilled reiterant speech although the absolute durational values are very different. In terms of production, it seems unlikely to us that the control of the lip-jaw system for the production ofa reiterant/ba/is fundamentally different when the same syllable is produced during natural speech. Indeed, we shall quantitatively describe certain kinematic relationships (e.g., between an articulator's peak velocity and displacement) that have been observed in many other nonreiterant speech production studies.
In the present paper, we outline a geometric approach for characterizing the dynan•ic properties underlying articu-!atory movements during reit•rant speech. We use the phase portrait to facilitate the analysis of relevant articulatory variables when speakers produce these simple sequences of syllables. To our knowledge, phase portrait techniques have rarely been employed in speech production studies, even though their role is to describe the forms of motion in complex, multidegree-of-freedom systems (cf. Abraham and Shaw, 1982) . Were one to count the neurons, muscles, and joints that cooperate to produce even a simple utterance, literally thousands of such elements would be involved. Yet normal speech is usually coherent and organized: A low dimensional pattern emerges from a system of high dimensionality that can be controlled with relatively few dynamic parameters. 1 Thus our approach is one in which we attempt to characterize regularities of articulator pattern in terms of a relatively abstract functional organization (cf. Kelso and Tuller, 1984a ). We do not attempt to model peripheral biomechanics or neurophysiological mechanisms. Rather we use the phase portrait as a way of uncovering qualitatively the system's control structure and as a preface to a quantitative treatment of articulatory trajectories. In doing so we observe both invariant and systematically varying features of motion when stress and speaking rate are changed. Perhaps most important, our results, analyzed geometrically and interpreted from a dynamic perspective, do not require the assumption that time itself is a controlled variable. Instead, the form of articulator trajectories over time is seen as a consequence of a control structure whose dynamic parameters are functionally equivalent to those of a mechanical mass-spring system, namely: equilibrium (or rest) position, which is the position at which the net force on the mass is zero; and linear stiffness, which is the reactive force per unit displacement.
I. METHODS AND PROCEDURES
Two adult speakers [one male (SK, the first author and a native speaker of an Ulster dialect of English}, and one female (DW, a speaker of a New Jersey dialect of American English)] recited the first and last sentences of the "rainbow passage": (1) "When the sunlight strikes raindrops in the air, they act like a prism and form a rainbow," and (2) "There is, according to legend, a boiling pot of gold at one end." After reciting each sentence, speakers mimicked the prosodic pattern 2-4 times, substituting only foa/or only/ma/for each syllable. So, for example, "When the sunlight strikes raindrops in the air" would be mimicked as "ba ba ba ba ba ba ba ha ba ba" (where italics indicates a hypothetical stress pattern for the syllables}. Upon completion of the task at a normal, conversational rate, it was then repeated at a faster rate. One of the speakers (SK} repeated this procedure at a later date. In all, 392 syllables at each rate were analyzed. We also obtained measures of each speaker's preferred frequency of jaw• movement over an extended period of time, by asking the subject to "wag" the jaw at a comfortable amplitude and frequency "as if you were going to do it all day." "Wagging" movements were then sampled over a 30-s interval.
For speech and nonspeech tasks, vertical displacements of the lips and jaw were tracked using a device similar in principle to the commercially available SELSPOT system, which employs infrared LEDs that can be placed midsagittally on the nose, lips, and point of the chin. Modulated light from the diodes is captured by a camera equipped with a Schottky planar diode located in its focal plane. The output of the photodiode is fed to associated electronics that decode the signals and compute pairs ofx and y coordinates. Up to eight channels of coordinate potentials may be generated simultaneously, each with a bandwidth of 0-500 Hz. These potentials are then fed to first-stage dc offset preamplifiers which center the signals about the 0-dc level. articulators. Thus peaks occur during lip closure for the bilabial stop and valleys occur during production of the low vowel/a/. In the velocity traces, peaks and valleys are the maximum velocities attained going into and out of a closure, respectively. The peaks and valleys were determined by a computer program which also calculated means (M) and standard deviations (s.d.) for peak-to-peak cycle duration and displacement of opening (peak-to-valley) and closing (valley-to-peak) gestures.
II. RESULTS AND DISCUSSION
Each of the following sections is. designed to be selfcontained in that a discussion accompanies each set of empirical findings. First we present data pertaining to the global temporal regularity of articulator movement that was observed in the experiments. Second, a qualitative dynamic analysis of articulatory motion is presented using the phase portrait to describe the forms of motion that are produced. Following is a quantitative kinematic analysis of motion and its derivatives that details effects of the local changes induced by stress and speaking rate transformations. We try to maintain continuity of presentation in this quantitative section by proceeding from lower-order to higher-order kinematic relations. Finally we present some of our preliminary efforts to model the present articulatory findings using an approach based in dynamical systems theory and supported by recent results in the field of physiological motor control.
A. Global temporal regularity
First we show separately for the two rates and two reitcrant syllables the mean duration between successive peaks and the associated standard deviations. The values shown in Table I In the following geometric analysis, phase plane trajectories are generated by continuously plotting the relationship between, in this case, articulator position x and its derivative, velocity •. As an example, consider the idealized case shown in Fig. 2 and fast speaking rates with/ba/as the reiterant syllable; subject is DW.
smaller displacements and peak velocities than the stressed syllables, thus maintaining a global similarity of (elliptical) trajectory shape across unstressed and stressed gestures.
Also observed, however, are subtie differences between trajectory shapes associated with different gestural displacements. For example, the orbits appear to be slightly more compressed horizontally for larger displacement gestures relative to shorter displacement gestures. In Sec. II C, we will quantify both the global similarities and subtle differences among gestural trajectory shapes.
C. Quantitative kinematic analysis
In Sec. I! C we proceed to quantify specific effects of Tables II and III) . No other interaetions were significant for either subject. Tables II and III) . For subject SK, the gesture X stress interaction was also significant, F= 10.34, p<0.002: The difference in movement time between stressed and unstressed conditions was greater for opening gestures, F= 165.08, p < 0.0001 than closing gestures, F= 68.89, p < 0.0001.
Speaking rate had a systematic effect on movement time. Gestures produced at a normal rate took longer than those at a faster rate, F = 104.50 (DW) and F = 181.84 (SK), ps < 0.0001.' For subject SK, there was also a gesture • rate interaction, F= 6.60, p<0.02. Again, the rate effect between gestures was a matter of degree; movement time differences between rates were more apparent in opening gestures, F---128.86, p<0.001 than closing gestures, F = 59.98, p < 0.0001, although clearly the effect was highly significant in both gesture types.
In summary, in both subjects, the main effects of stress and rate predominate for both displacement and movement time as dependent measures, although these effects tend to be greater in opening gestures than closing gestures. Generally speaking, stressed gestures display greater articulatory displacement and longer duration than unstressed gestures. Rate has similar effects. Gestures produced at faster speaking rates are accomplished with smaller displacements and in shorter movement times than those at a normal conversational pace.
Viewed from an overall perspective based on the mean data of each subject, we can make a rather simple statement regarding the displacement-time relation independent of movement phase (opening versus closing), rate, or stress. Namely, on the average, displacement covaries directly with duration. Smaller (larger) displacements tend to be observed at fast (normal) rates and in unstressed (stressed) environments; duration of motion adjusts in a corresponding fashion.
These overall effects, therefore, suggest a systematic and apparently quite linear relationship between spatial and temporal dependent measures. However, examination of the scatter plots for each subject in time pairs are widely distributed and in only one out of a possible eight conditions (unstressed opening gestures produced at a normal rate) is there a significant correlation (see Table IV ). When opening and closing gestures are analyzed as a group for DW, significant correlations are obtained, rs = 0.46 and 0.26 {ps<0.05}, respectively, although the proportion of variance accounted for is small. To summarize, the coupling between displacement and time is quite different for the two subjects. One subject (SK) reveals a rather orderly relation between these variables across rate, stress, and movement phase (opening versus closing). The other subject {DW) shows a high degree of overlap among conditions and a much more homogeneous distribution of displacement-time data pairs. Indeed, the proportion of variance accounted for by this relationship is so small as to suggest that, for DW, displacement and time are essentially independent.
How might these apparent discrepancies between subjeers in the displacement-time performance space be interpreted? One account that merits mention is that the speech 'motor system adheres to a minimum cost function such as "least effort," which might give rise to tradeoffs in articulatory displac. cment and duration. This notion of movement costs is elaborated in some detail in a recent paper by Nelson (1983) and has been applied to an analysis of jaw movements in repetitive speech and nonspeech gestures (Nelson et al., 1984) . The key idea is that articulatory movements during speech are accomplishing system "goals" in the physically most economical fashion, i.e., according to some "ease of movement" criteria (see also Lindblom, 1983), which in turn imposes boundary constraints on speech motor programming (Nelson, 1983) . Such criteria may be met/by minimizing a number of possible articulatory cost indices such as "effort" (proportional to peak velocity, which bears a direct relation to the impulse or integral of the force-time curve for a given movement) or "jerk" (the first derivative of acceleration). Nelson (1983) shows that although a wide variety of "movement ease" cost functions may be 'minimized, the displacement-duration relation remains roughly the same.
Thus a common feature of all such functions is that "cost" increases (on whatever dimension) are associated with moving a given distance in less time or moving a greater distance within a given time. To do either requires an increase in peak velocity, acceleration, jerk, etc. (see also Hogan, 1984 ).
In the displacement-time space a relationship, such as that displayed by subject SK in Figs. 6 and 7 is suggestive of a fairly constant articulatory cost (cf . Nelson, 1983, Fig. 5 ). Thus it could be argued that gestures of short amplitude and duration (e.g., fast unstressed gestures) do not necessarily cost the system any more than larger amplitude movements of greater duration (corresponding, say, to normal stressed gestures). Distance and time mutually adapt to the linguistic requirements of the activity in such a way as to preserve a relatively constant cost.
A problem, however, with this analysis of"economy of effort" in speech is that it appears to pertain, at best, to only one of our subjects and to only one of the three subjects in the Nelson etal. (1984) study. Several possibilities could account for such a state of affairs. One is that it could reflect differences in the skill level of producing reiterant speech. That is, the less constrained, more variable relation between displacement and time in subject DW suggests that her mode of motor control is not following a strategy of minimum cost. DW may, in fact, have to discover exactly what that strategy is. It is well appreciated in the literature (e.g., Larkey, 1983} that reiterant speech is itself a skill, and it was certainly our impression that subject DW was not as skilled at "converting" real speech into reiterant speech as was subject SK.
How cost functions change with increasing skill is a topic
open to much further research. , Given that the displacement-time relation is not consistent between subjects in the present study or in the literature in general (see Nelson , 1982b) , the question is: Are there other observables that might afford insight into the similarity among subjects in this task? Are subjects really as different in performing reiterant speech as the displacement-time distributions suggest? As we shall see, examination of the higher derivatives of motion not only affords a window into the nature of the system's underlying dynamic organization, but also SUggests that the differences between subjects might be due to the surface nature of the displacement-time description.
Peak velocity and the peak velocity--displacement relation
The phase plane data discussed in Sec. IIB reveal at least two interesting features about a given gesture's velocity pattern that merit further quantification. First, the patterns are largely unimodal (see Figs. 3-5) in that both opening and closing gestures possess single velocity peaks. Related to this, peak velocity (Vp) bears a direct relationship to total impulse (i.e., the integral of the force magnitude as a function of time), and thus can usefully be used to index the "effort" underlying the movement (e.g., Nelson, 1983; Schmidt etal., 1979). Since variables like stress have been associated with articulatory effort (e.g., Ohman's, 1967, stress pulse theory) it is of interest to quantitatively assess if and how peak velocity changes with gesture type, rate, and stress conditions. Second, and perhaps more important, is the apparent regulaxity--evident on the phase plane--in the covariation between a gesture's peak velocity (Vp) and its displacement (d). We consider first the statistical effects on peak velocity itself; then we evaluate and interpret the relationship between peak velocity and displacement. Tables II and III indicates Tuller et aL, 1982b). For subject DW, peak velocity was greater for the faster speaking rate, F----4.94, p < 0.03. For SK, the opposite occurred (see Tables II and III) Tables II and III) Because stress has very systematic effects on a variety of variables (including not only the kinematics reported here, but EMG as well, e.g., TuBer et al., 1982a) and the effects of rate are less systematic across subjects (particularly for//p), it can be argued that stress and rate are qualitatively different kinds of articulatory transformations (see Tuller et al., 1982a, for review). However, the differences observed between stress and rate remain puzzling at least when viewed on single dimensions (e.g., EM(3 amplitude, duration, and articulator velocity), and further work is necessary to establish the validity of this claim. One potential issue--yet to be fully explored--is that the subject is usually free to vary the elected rate whereas stress constraints are more clearly defined. Systematic control of speaking rate may prove useful and enlightening.
A cursory look at
The linkage between peak velocity and displacement, however, is less ambiguous. This finding in itself is not new; it has been reported before in other studies of articulation, often as an incidental result (e.g., Kent correlation between the two variables would indicate that the opening or closing gestures were of the same frequency, i.e., were perfectly isochronous. There are, however, 16cal effects of stress and rate when the data are partitioned into subcategories, as can be seen from the absolute values of displacement, peak velocity, and duration given in Table II  for opening gestures and Table III for closing gestures. In Table V systems with parameters such as mass, stiffness, and damping. It is possible, however, to infer the structure of the underlying dynamics from the kinematics of articulator motions during either discrete or rhythmic tasks. It is now generally recognized that many features of single-dimensional movements in discrete targeting tasks can be generated by second-order, linear models whose parameters include damping, stiffness, and rest angle (cf. Bizzi, 1980; Cooke, 1980 ; Fel'dman and Latash, 1982; Kelso and Holt, 1980 for reviews). In short, the limb exhibits behavior qualitatively similar to a damped mass-spring system for these tasks (Fel'dman, 1966 ). Such systems are intrinsically self-equilibrating in the sense that the "endpoints" or "movement targets" are achieved regardless of initial conditions. In normal and deafferented animals, for example, it has been shown that desired head (Bizzi etal., 1976) [I B).
For sustained, stable cyclic movements of dissipative systems the appropriate dynamic regime is a limit cycle (or periodic attractor, Abraham and Shaw, 1982) . In such systems, the same orbit is achieved regardless of initial conditions or temporary perturbations. In the absence of imposed perturbations, such systems can display near-sinusoidal steady-state motions that may be treated as ifthey were generated by simpler nondissipative mass-spring dynamics. As mentioned earlier, a constant slope in the relationship between each gesture's peak velocity and displacement for a given set of gestures indicates that the gestures are perfectly isochronous. With regard to an hypothesized underlying linear ( Our data also suggest that unstressed gestures are characterized by greater stiffness (K,*v) values (as revealed in Table V by the slopes of the Vp-d relations and the phase portraits} than stressed ones. This is apparent in three out of four cases for both. opening and dosing gestures (Table V) Table VI ).
The effect of rate is highly significant for both subjects.
In all the cells of similar conditions, K * is greater at the faster speaking rate than it is in syllables produced at a conversational pace, F---69.43, p<0.0001 (DW) and F=90.80, p < 0.0001 (SK). Subject SK also reveals a stress X rate interaction, F=41.78, p<0.0001, although DW does not, F = 1.22, p > 0.05. For subject SK: (a) at both rates, K * is greater in unstressed than stressed gestures, F= 27.39, p<0.0001 (normal) and F----206.55, p <0.0001 {fast); and (b) only in unstressed gestures and in stressed closing gestures, however, is K * greater for fast than for normal speaking rates (see Table VI} . These data correspond rather well to the peak velocitydisplacement findings discussed in Sec. II C 3. The present acceleration-displacement results, however, afford an additional conclusion, namely, that linear mass-normalized stiffness (K *, estimated around the equilibrium point of the motion) is not the same for short amplitude, unstressed gestures as it is for large amplitude, stressed gestures. In short, different stress categories are characterized by different K * values. A similar conclusion applies to rate changes. In all the cells from comparable conditions shown in Table VI 
D. Summary and preliminary dynamic modeling
To summarize, the present data offer insights into both the similarities and differences in our subjects' articulatory. behavior. The movements of both subjects can be assumed to emerge from the same underlying dynamic organization. That is, a periodic attractor (limit cycle) control regime can capture the forms of motion produced by both subjects. The slopes of the peak velocity-displacement and the acceleration-displacement functions point to linear mass-normalized stiffness K * as a key dynamic parameter. The subjects differ, however, in the degree to which estimated K* and overall gestural displacement are coupled across movement conditions. Subject SK shows an inverse relation between stiffness and displacement for opening (r= -0.77) and closing (r ----0.73) gestures. Thus larger (smaller) amplitude motions that accompany stressed (unstressed) gestures and normal (fast) rates are associated with lower (higher) stiffness. For DW, however, the correlation between estimated stiffness and displacement (like DW's displacementmovement time relation) is low (-0.18 for opening and --0.25 for closing gestures), perhaps because of the reasons discussed in Sec. II C 1. In short, the "strength" of the constraint between K * and displacement may be a useful way to conceptualize between-subject differences. The present findings can be couched conveniently within a recent dynamic modeling and computer simulation framework developed for multiarticulator systems by Saltzman and . Briefly, the unique feature of this approach is that invariant dynamical equations of motion are established functionally (i.e., at an abstract task leoel of movement description) for the particular end effectors directly involved in the task's accomplishment. For example, Saltzman and Kelso (1983) demonstrate .that a constant set of dynamic parameters defined for a given task, e.g., a hand reaching for a target, can be used to specify context-(task and posture) dependent patterns of change in the articulatorlevel dynamic parameters (e.g., joint stiffness, damping, and equilibrium points of shoulder, elbow, and wrist). Among other advantages the approach allows for task-specific trajectory shaping (e.g., Bizzi et al., 1982) . In an alternative view, which we have applied here, spatiotemporal pattern arises as a consequence of a dynamic regime in which--at worst--only two articulatory parameters, stiffness and rest position, are specified according to stress and rate requirements. Similar arguments have been proposed for the space-time structure ofmultidegree of freedom limb movements (Kelso et al., 1979 . The dynamic description captures the forms of articulatory motion observed in our phase portraits across rate and stress conditions. It recognizes in full that articulatory motions coolye in time but it undercuts the necessity to explicitly regulate time as a controlled variable. Dynamics can provide a grounding for, and a principled analysis of so-called intrinsic timing theories of speech production (Fowler et al., 1980) . According to the present findings and supplemented by preliminary modeling, movement time results from an underlying dynamic organization that is specified according to linguistic requirements and that remains invariant throughout the production of a given speech gesture.
